We report measurements of the superfluid density of He confined between two Si wafers. These are the first measurements of helium confined in a sufFiciently well-defined planar geometry to show a crossover from three-dimensional-like to finite-size to two-dimensional behavior. Data for confinement in 0. 106-, 0.509-, 2.8-, and 3.9-pm-thickness cells are analyzed for scaling with the exponent of the bulk correlation length, v. We find that this scaling does not work: An exponent different from v is required.
tant in many areas of physics, both in theory and experiments. In theory, one often does numerical calculations involving a finite system and extrapolates to the thermodynamic limit. In experiments, one is often faced with a situation where one is dealing with a sample which is homogeneous only over dimensions which are comparable in size with an important length scale. For critical behavior, near a second-order transition, the growth of the correlation length produces a "rounding" of the critical-point behavior if the sample dimensions are too small. If the sample is sufficiently well defined, one can observe dimensionality crossover from three dimensions (3D) to 2D, 1D, or OD. Bridging these limiting behaviors is a crossover region which is expected to be described by finite-size scaling theory. ' In the case of liquid helium in particular, the 2D behavior of the superAuid density of thin films has been studied as a realization of Kosterlitz-Thouless behav- ior.
There are no data on the superAuid density prior to the present work which determine the scaling with size for helium in a planar geometry. Earlier work has been on helium confined to channels where the crossover is to 1D. Previous work with helium films has yielded only the shift in transition temperature with film thickness, but not the finite-size aspects of a particular thermodynamic response.
An exception to this are the data on specific heat of films. These, however, are only for thicknesses up to 53 A. ' Another distinguishing feature of the present work is the fact that the helium is completely confined by rigid surfaces as opposed to the usual situation with films.
The physics we want to address with our experiment is in regard to the finite-size behavior of the superfluid density near the transition. Finite-size scaling of a system near a critical point has recently been reviewed by Barber. For '' In the spirit of finite-size scaling we may write the superfluid fraction of the confined system, p, /p, as 2-in. wafers, except for the 3.9-pm cell, which was 3 in. The fractional change in period due to the helium ranged from (0.26 to 9) X 10 . Our resolution was typically 10 -10 of the period which was in the 2-7-ms range. The oscillators with the cells loaded with helium had quality factors, Q's in the range of (2 to 8) &&10'. For two of these cells, 0.519 and 3.9 pm, we were able to see clearly the crossover into 2D. This is marked by an increase in dissipation, 1/Q. For the two other cells the oscillator Q was not high enough for us to see this.
Data of p, /p as function of t are shown in Fig. 2 for the 0.519-pm cell. For large t these data match the behavior of bulk helium, p, q/p=kt (the dashed line).
In the 10 -10 range of t, the data begin to deviate slightly from this behavior. In the 10 range this deviation is more marked. We identify this latter region as the crossover to 2D behavior. The 3D correlation length is about 3 the spacing of the cell at t = 10 . The 2D region is shown on a linear temperature scale as the inset in Fig. 2 . Here we also plot the dissipation of the helium. We see that this peaks where p, /p has a more abrupt deviation from 3D behavior. The dissipation in the 2D regime comes from the mechanism of vortexantivortex unbinding. ' It is tempting to identify the "break" in the p, /p curve as the static Kosterlitz- Thouless jump at the 2D transition. However, this is not correct for these data. A more careful dynamic analysis which involves the temperature dependence of the non-vortex superAuid density has to be done. ' We do not pursue this here. For the present purpose, we view the observation of the qualitative aspects of the 2D behavior as evidence of the quality of our cells as far as homogeneity of confinement. The value of T& for this and other plots is determined independently in our experiment from the signature of the specific-heat singularity of a bulk sample ( -0.5 cm ) which could be condensed on the regulated platform to which the Si cell is attached.
In Fig. 3 , we have plotted the data for four cells. For clarity the data are oA'set by factors of 2 to avoid overlap in the power-law region. These data have similar qualitative features: a power law of t for large t and deviation from this at smaller t. We see now that this holds as well for planar confinement.
In the lower panel of Fig. 4 
